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The small subunit of l terminase, gpNu1, contains a low-affinity ATPase activity that is stimulated by nonspecific dsDNA.
The location of the gpNu1 ATPase center is suggested by a sequence match between gpNu1 (29-VLRGGGKG-36) and the
phosphate-binding loop, or P-loop (GXXXXGKT/S), of known ATPases. The proposed P-loop of gpNu1 is just downstream
of a putative helix– turn–helix DNA-binding motif, located between residues 5 and 24. Published work has shown that
changing lysine-35 of the proposed P-loop of gpNu1 alters the response of the ATPase activity to DNA, as follows. The
changes gpNu1 K35A and gpNu1 K35D increase the level of DNA required for maximal stimulation of the gpNu1 ATPase by
factors of 2- and 10-fold, respectively. The maximally stimulated ATPase activities of the mutant enzymes are indistinguish-
able from that of the wild-type enzyme. In the present work, the effects of changing lysine-35 on the cos-cleavage and
DNA-packaging activities of terminase were examined. In vitro, the gpNu1 K35A enzyme cleaved cos as efficiently as the
wild-type enzyme, but required a 2-fold increased level of substrate DNA for saturation, suggesting a slight reduction in
DNA affinity. In a crude DNA-packaging system using cleaved l DNA as substrate, the gpNu1 K35A enzyme had a 10-fold
defect. In vivo, l Nu1 K35A showed a 2-fold reduction in cos cleavage, but no packaged DNA was detected. The primary
defect of the gpNu1 K35A enzyme was concluded to be in a post-cos-cleavage step of DNA packaging. In in vitro cos-
cleavage experiments, the gpNu1 K35D enzyme had a 10-fold increased requirement for saturation by substrate DNA.
Furthermore, the cos-cleavage activity of gpNu1 K35D enzyme was strongly inhibited by the presence of nonspecific DNA,
indicating that the gpNu1 K35D enzyme is unable to discriminate effectively between cos and nonspecific DNA. No cos
cleavage was observed in vivo for l Nu1 K35D, a result consistent with the discrimination defect found in vitro for the
gpNu1 K35D enzyme. In a crude packaging system the gpNu1 K35D enzyme had a 200-fold defect; in a purified packaging
system, the gpNu1 K35D enzyme was found to be unable to discriminate between l DNA and nonspecific phage T7 DNA,
a result indicating that the gpNu1 K35D enzyme is also defective in discriminating between l DNA and nonspecific DNA
during DNA packaging. q 1997 Academic Press
INTRODUCTION nicked complex, in which the cohesive ends are an-
nealed. Separation of the cohesive ends by terminase
Phage l, like phages T3, T7, and P2 and the herpesvi-
leads to the formation of complex I, a tight complex of
ruses, produces virion DNA molecules through site-spe-
terminase bound to the left, cosB-containing chromo-
cific cleavage of concatemeric immature DNA (Earnshaw
somal end (Becker et al., 1977; Sippy and Feiss, 1992;
and Casjens, 1980; Fujisawa and Hearing, 1994). For
Cue and Feiss, 1993a; Kuzminov et al., 1994). Complex I
l, the phage-encoded enzyme terminase is involved in then binds a prohead, a step that is facilitated by the
introduction of site-specific nicks into l DNA to generate viral assembly catalyst, gpFI, to form a ternary complex,
the cohesive ends of mature virion DNA. Terminase also complex II, and DNA packaging ensues (Becker et al.,
is involved in recognition of the prohead, the protein shell 1977, 1988; Davidson and Gold, 1987). Terminase re-
that is the capsid precursor, and subsequent packaging mains bound to the DNA translocation complex. Finally,
of the DNA into the prohead. The DNA site that is recog- terminase bound to the translocation complex recog-
nized and cut by terminase, cos, consists of three sub- nizes the downstream cos and introduces staggered
sites, cosQ, cosN, and cosB (Fig. 1; reviewed in Feiss, nicks to terminate DNA packaging; termination requires
1986; Becker and Murialdo, 1990; Cue and Feiss, 1993b; cosQ (Cue and Feiss, 1993b).
Catalano et al., 1995). Terminase is a heteromultimer composed of gpNu1
During initiation of DNA packaging, terminase binds l (the 21-kDa product of gene Nu1) and gpA (the 74-kDa
DNA at cosB and cosN to form a prenicking complex product of gene A) subunits. The N-terminal 91 amino
and then introduces nicks, staggered by 12 bp, at cosN acids of gpNu1 contain a specificity domain for binding
(Higgins et al., 1988; Cue and Feiss, 1993a) to form the cosB (Frackman et al., 1985); this segment contains a
putative helix–turn–helix DNA-binding motif that is pro-
posed to interact with cosB. The helix–turn–helix motif1 To whom correspondence and reprint requests should be ad-
dressed. comprises residues 5–24 of gpNu1 (Andrew Becker,
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FIG. 1. Genetic organization of the left end of the bacteriophage l chromosome. (Top) Locations of domains in gpNu1 polypeptide. In gpNu1,
HTH is the putative helix–turn–helix motif for binding cosB, ATP represents the site of the gpNu1 ATP binding center, and gpA represents a
specificity domain for binding gpA. (Middle) Structure of gene Nu1 and A. (Bottom) Structure of cos. Positions of binding sites in cosB for gpNu1
(R3, R2, and R1) and integration host factor (IHF) (I1) are shown. cosN is the site at which terminase introduces staggered nicks to generate the
cohesive ends of mature l molecules. The rectangle at the left of cosN represents the cosQ sequence. Initiation of packaging by terminase cutting
of cosN generates a right chromosome end (cosQ-containing) and a left chromosome end (cosB-containing) of the l DNA to be packaged.
cited in Feiss, 1986; Kypr and Mrazek, 1986). cosB con- gins et al., 1988; Cue and Feiss, 1993a). The effect of
ATP on nicking accuracy requires that cosB be present,sists of three binding sites, R1, R2, and R3, for the small
subunit gpNu1; between R3 and R2 is I1, a binding site indicating that the role of ATP is to induce a conforma-
tional change in terminase that is anchored at cosBfor IHF (integration host factor), the Escherichia coli DNA-
binding and -bending protein (Fig. 1; Shinder and Gold, so that gpA subunits are properly positioned for cosN
nicking (Higgins et al., 1994). Finally, ATP hydrolysis is1988, Xin and Feiss, 1988, 1993; Kosturko et al., 1989;
Xin et al., 1993). The proposed helix–turn–helix motif is required for DNA translocation; it has been speculated
that an ATPase activity of terminase may drive translo-followed by a putative ATP-binding center (starting at
about residue 29; Becker and Gold, 1988; Fig. 1). The cation (Feiss, 1986; Becker and Murialdo, 1990; Cue
and Feiss, 1993b; Catalano et al., 1995; Morita et al.,carboxyl-terminus of gpNu1 and the amino-terminus of
gpA are subunit assembly domains (Frackman et al., 1993). In support of this model, Morita et al. (1994) have
described a mutation altering a putative ATPase center1985; Wu et al., 1988). Other domains of gpA include a
putative ATPase center (starting near residue 491; Guo of gp19, the large subunit of phage T3 terminase, which
results in uncoupling of the packaging ATPase activityet al., 1987), a putative basic leucine zipper (residues
573 to 616; Davidson and Gold, 1992), and a domain from DNA translocation. ATP hydrolysis is required for
separation of the cohesive ends by terminase (Higginsfor prohead binding in the C-terminal 32 amino acids
(Frackman et al., 1984; Wu et al., 1988; Yeo and Feiss, et al., 1988; Rubinchik et al., 1995). Holoterminase has
two ATPase activities, a low-affinity activity (kd 1 mM)1995a, b). Mutations affecting the basic leucine zipper,
the ATPase center, and a third segment (residues 401 in gpNu1 that is stimulated by nonspecific dsDNA, and
a high-affinity activity (kd 5 m M) in gpA (Tomka andand 403) specifically inactivate the endonuclease activity
(Davidson and Gold, 1992; Hwang and Feiss, 1996). Be- Catalano, 1993b; Hwang et al., 1996). As mentioned
above, mutations altering the high-affinity ATPase activ-cause the nicking site cosN contains a 22-bp sequence
in which many of the basepairs show twofold symmetry, ity of gpA inactivate the nicking activity of terminase,
but do not affect DNA translocation (Hwang and Feiss,nicking is proposed to be due to symmetrically disposed
gpA subunits (Becker and Murialdo, 1990; Catalano et 1996). The location of the gpNu1 ATPase has been pro-
posed based on the similarity of the gpNu1 sequenceal., 1995).
ATP plays several roles in l DNA packaging. First, starting at residue 29, namely 29-VLRGGGKG-36, and
the ‘‘P-loop,’’ a phosphate-binding loop characteristic ofATP stimulates the rate and accuracy of cosN nicking
by terminase, and ATP hydrolysis is not required (Hig- ATP- and GTP-binding proteins. The P-loop is character-
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ized by a glycine-rich sequence followed by a lysine Preparation of competent cells and transformation were
performed as described by Hanahan (1983). Nu1 muta-and a serine or threonine (Saraste et al., 1990). We have
followed the approach of Fujisawa and co-workers of tions were introduced into l-P1 by direct cloning as de-
scribed by Cue and Feiss (1992).altering putative P-loop residues to look at terminase –
ATP interactions in DNA packaging (Morita et al., 1993,
Sequence designations and nomenclature1994). In previous work, we changed residue 35 of
gpNu1 to arginine, alanine, and aspartic acid (Hwang All references to l sequences are based on the num-
et al., 1996). The gpNu1 lysine at position 35 was pro- bering convention described in Daniels et al. (1983).
posed to be part of the P-loop of an ATP hydrolysis Numbering of the l sequence begins with the first base
center (Becker and Gold, 1988; Saraste et al., 1990), so of the left cohesive end and continues along the l strand
that by changing residue 35, insight into the role of the (the top strand) in a 5* to 3* direction. The position of
low-affinity ATPase center might be obtained. Surpris- each restriction cut site is given as the first nucleotide
ingly, the gpNu1 K35A and gpNu1 K35D changes affected of the recognition sequence. Single-letter designations
DNA binding by terminase such that 2- and 10-fold in- for amino acids are used. Nu1 K35D indicates a mutation
creased levels of nonspecific double-stranded DNA, re- changing gpNu1 residue 35 from lysine to aspartic acid,
spectively, were required to stimulate the low-affinity and gpNu1 K35D enzyme is holoterminase produced by
ATPase (Hwang et al., 1996). With increased DNA lev- the expression vector with the Nu1 K35D mutation. The
els, the low-affinity ATPase of gpNu1 was indistinguish- basepair changes of the Nu1 K35R, K35A, and K35D muta-
able from that of the wild-type enzyme, indicating that tions are given in Hwang et al. (1996).
the low-affinity ATPase activities of the gpNu1 K35A and
gpNu1 K35D terminases are normal, and that the gpNu1 Virus yield determinations
K35A and gpNu1 K35D changes primarily affect the inter-
MF1427 lysogenic for l-P1, l-P1 Nu1 K35R, l-P1 Nu1action with DNA. To look directly at the effects of the
K35A, or l-P1 Nu1 K35D were grown overnight, with aera-Nu1 codon-35 mutations on the terminase activities in-
tion, in LB plus kanamycin at 317. The cultures werevolved in DNA packaging, the mutant proteins were pu-
diluted 1:150 into LB and grown to approximately 2 1rified and compared with the wild-type enzyme in
107 to 41 107 cells/ml; aliquots were on LA plus kanamy-assays of cos cleavage and DNA packaging in vitro.
cin to determine the viable cell titer. Cultures were thenIn vivo cos cleavage and DNA packaging were also
induced by transferring to 427 for 20 min and were shiftedexamined.
to 377 for 60 min to allow phage development. Lysates
containing plaque-forming viruses were titered on
MATERIALS AND METHODS MF1427 with incubation at 377. Lysates containing
phages with yields too low for plaque formation wereMedia, strains, and plasmids
titered as KnR-transducing particles by infecting MF1975
Tryptone broth, tryptone agar, and tryptone soft agar cells and plating on LA plus kanamycin plates at 317.
were prepared as described by Arber et al. (1983) except
that MgSO4 was added to a final concentration of 10 mM. Terminase, proheads, gpFI, and IHF
Luria broth (LB), Luria agar (LA), 21YT broth, and SOB
E. coli OR1265, carrying pCM101 or a derivative withwere prepared as described in Sambrook et al. (1989).
a Nu1 mutation changing residue 35 was grown, inducedWhen required, kanamycin and ampicillin were used at
for terminase expression, and harvested as described infinal concentrations of 50 and 100 mg/ml, respectively.
Chow et al. (1987). The purification of terminase wasFinal concentrations of isopropyl-b-D-thiogalactopyrano-
carried out by a modification (Hwang and Feiss, 1995)side and X-gal used in LA were 0.1 mM and 0.02% (w/
of the method of Tomka and Catalano (1993a). Proheadsv), respectively (Vieira and Messing, 1987). Strains and
were obtained from induced cells of MF1427 (l cI857plasmids used are described in Table 1.
Sam7 D[cos-Nu1-A] :: KnR) as described previously
(Hwang and Feiss, 1995). GpFI was produced from theGeneral recombinant techniques
pT7-1 FI, an expression plasmid (Hwang and Feiss,
1995), and purified as described by Benchimol andEnzymes for in vitro DNA manipulations were pur-
chased and used according to the manufacturer’s recom- Becker (1982). IHF was purified using the expression
system and methods of Nash et al. (1987). Western blotmendations. Nucleoside triphosphates were from Boeh-
ringer Mannheim. [a-32P]dCTP was from Amersham. l (immunoblot) analysis (Blake et al., 1984), using rabbit
anti-terminase serum, was used to examine terminaseand T7 DNAs were purchased from New England Biolabs
and Promega, respectively. Plasmid DNA and l-P1 pro- levels in extracts of induced MF1427 cells lysogenic for
l-P1 or l-P1 Nu1 K35D. The lysogens were induced asphage DNA were prepared as described by Birnboim
and Doly (1979). DNA fragments were purified from agar- described below for the in vivo cos cleavage assay. The
circular dichroism spectra of terminases were obtainedose gels as described by Vogelstein and Gillespie (1979).
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TABLE 1
Strains, Plasmids, and Phages Used
Strain Relevant properties Source/reference
Escherichia coli strains
BL21(DE3) hsdS gal (l cIts857 ind1 Sam7 nin5 lac UV5-T7 gene 1) Studier and Moffatt (1986)
BL21(DE3)(pT7-1 FI) Source of gpFI Hwang and Feiss (1995)
K5746 Source of 1HF, same as MF2078 Nash et al. (1987)
OR1265 sup/, cryptic l prophage with cI857 mutation in the Reyes et al. (1979)
repressor but lacking all morphogenetic genes
OR1265 (pCM101) Source of wild-type terminase Chow et al. (1987)
OR1265 (pCM101 Nu1 K35R) Source of gpNu1 K35R terminase Hwang et al. (1996)
OR1265 (pCM101 Nu1 K35A) Source of gpNu1 K35A terminase Hwang et al. (1996)
OR1265 (pCM101 Nu1 K35D) Source of gpNu1 K35D terminase Hwang et al. (1996)
XL1-Blue recA1 supE44 lac[F* proAB lacIq lacZDm15 Tn10(TetR)] Stratagene Cloning Systems
MF1427 C1a galK Six and Klug (1973)
MF1975 l/ lysogen of MF1427 Cue and Feiss (1992)
MF1427 (l CI Sam7D[cos-Nu1-A]øKnR) Source of prohead, same as MF2517 Hwang and Feiss (1995)
MF1968 supF, same as C4518 Our collection
Plasmids
pASY150 pIBI30 containing l segment from 2212 to 12002 Ashly Yeo (Iowa City)
pSX1 pUC19 containing l segment from 47942 to 194 Xu and Feiss (1991)
pSF1 pBR322 conaining l segment from 44141 to 5505 Feiss et al. (1982)
pCF114 pBR322 containing l segment from 47942 to 650 with Our collection
EcoRI restriction enzyme site at 194
pCM35 Nu1 K35R pCM35 containing Nu1 K35R mutation Hwang et al. (1996)
pCM35 Nu1 K35A pCM35 containing Nu1 K35A mutation Hwang et al. (1996)
pCM35 Nu1 K35D pCM35 containing Nu1 K35D mutation Hwang et al. (1996)
pHW14 pBR322 containing l segment from 46438 to 4198 This work
expression vector with bacteriophage T7 promoter
system
pT7-1 Taber and Richardson (1985)
Phages
l-P1 l-P1:5R KnR Pal and Chattoraj (1988)
l-P1 Nu1 K35R l-P1:5R KnR containing Nu1 K35R mutation This work
l-P1 Nu1 K35A l-P1:5R KnR containing Nu1 K35A mutation This work
l-P1 Nu1 K35D l-P1:5R KnR containing Nu1 K35D mutation This work
at 107 using an Aviv Model 62D5 circular dichroism spec- In vivo cos-cleavage assay
tropolarimeter exactly as described by Tomka and Cata-
MF1427 lysogens were grown in LB at 317 to a celllano (1993a).
density of 2 1 107 cells/ml. The cultures were induced
by transfer to 427 for 15 min and then incubated at 377,
In vitro cos-cleavage assay with aeration, for 30 min. Intracellular DNA was isolated
as described by Murialdo and Fife (1987), cut with ClaI
The assay conditions were as described by Hwang restriction enzyme, heated at 657 for 5 min to separate
and Feiss (1996). The substrate was cosmid pSX1 linear- joined cohesive ends, and subjected to 0.8% agarose
ized with ScaI. Linearized pSX1 yields 1.1- and 2.3-kb gel electrophoresis. The DNA was transferred onto a
fragments when cut at cos by terminase. For reactions GeneScreen Plus (New England Nuclear) membrane and
with pSF1, the 14.1-kb cosmid was linearized with HindIII; probed using HindIII-digested 32P-labeled pHW14. After
cleavage of linearized pSF1 at cos produces 4.3- and autoradiography, each band was cut out and counted by
9.8-kb fragments. The initial velocity of cos cleavage was liquid scintillation spectrometry.
determined within the linear range of each reaction. Prior
to separation of products by 0.8% agarose gel electro- Packaging assays
phoresis, the samples were heated at 657 for 5 min to
separate any joined cohesive ends. Following electro- The crude packaging system was as described by
Chow et al. (1987). MF1427 (l cI857 Sam7 D[cos-Nu1-phoresis, the DNA was blotted and probed using 32P-
labeled ScaI-treated pSX1 (or pSF1) DNA; after autoradi- A]::KnR) was used as a source of proheads, tails, and
assembly proteins. The reaction samples were incubatedography, bands were cut out and counted by liquid scin-
tillation spectrometry. at room temperature for 30 min. Appropriate dilutions
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were plated on the supF strain MF1968 to measure antiserum against terminase. The immunoblot indicated
that the levels of wild-type and gpNu1 K35D enzymesplaque-forming phages.
DNA packaging in the purified system was assayed were the same (data not shown). In addition, the yield
of the gpNu1 K35D enzyme obtained by the purificationby measuring DNase I-resistant DNA using conditions
described by Hwang and Feiss (1995). The concentra- scheme was roughly the same as the yield for the wild-
type enzyme, and the two enzymes behaved similarlytions of terminase, proheads, gpFI, and IHF used were
50 nM, 20.4 nM, 2 mM, and 250 nM, respectively. Non- during purification. Finally, the circular dichroism spec-
trum for gpNu1 K35D enzyme did not significantly differspecific DNA for competition experiments was prepared
by sonication of herring-sperm DNA (Sambrook et al., from that of the wild-type terminase, and the spectrum
for our wild-type enzyme was the same as the published1987). The level of DNase I-resistant DNA was deter-
mined after the 30-min reaction by gel electrophoresis spectrum for wild-type terminase (Tomka and Catalano,
1993a). These observations, along with additional dataand probing with 32P-labeled l DNA exactly as described
by Hwang and Feiss (1995). presented below, indicate that the gpNu1 K35D mutation
does not cause gross alterations of the structure andThe level of packaged DNA in lysates was determined
by measuring the level of DNase I-resistant DNA, as stability of terminase.
described by Xu and Feiss (1991).
Effects of changes of K35 of gpNu1 on cos cleavage
in vitroRESULTS
Studies on the low-affinity, DNA-stimulated ATPase ac-Effects of changes of K35 of gpNu1 on phage
tivity of the gpNu1 subunit of terminase showed that thedevelopment
Nu1 K35A and Nu1 K35D mutations altered terminase –
The effects of the Nu1 mutations on phage develop- DNA interactions. Thus the gpNu1 K35A and gpNu1 K35D
ment were measured by induction of lysogens of l-P1, terminases required 2 and 10 times more DNA for full
l-P1 Nu1 K35R, l-P1 Nu1 K35A, or l-P1 Nu1 K35D. The stimulation of the low-affinity ATPase activity (Hwang et
yield of l-P1 Nu1 K35R (burst size 118 phages/cell) was al., 1996). The fully stimulated gpNu1 ATPase activities
indistinguishable from that of the wild-type l-P1 (burst of the gpNu1 K35A and gpNu1 K35D terminases were
size 120 phages/cell). The Nu1 K35A and Nu1 K35D muta- not distinguishable from that of wild-type terminase. To
tions were lethal. The lethality of the Nu1 K35 mutations further study the interaction between DNA and the mu-
indicates that the burst size is reduced to a level below tant terminases, in vitro cos-cleavage assays were car-
ca. 5 phages/cell. Because the l-P1 phage used trans- ried out using purified wild-type, gpNu1 K35R, gpNu1 K35A,
duces kanamycin resistance, it was possible to measure and gpNu1 K35D terminases over a range of DNA concen-
the yields even for progeny phages unable to form trations (Fig. 2). The cos-cleavage rates of the gpNu1
plaques. By measuring the titer of KnR-transducing parti- K35A and gpNu1 K35D terminases are the same as the
cles, the yields of l-P1 Nu1 K35A and l-P1 Nu1 K35D were rates for the wild-type and gpNu1 K35R terminases when
determined to be 0.06 phages/cell and 1006 phages/ 2 and 10 times more substrate DNA was added to the
cell, respectively. reaction mixtures, respectively. Thus, the gpNu1 K35A and
gpNu1 K35D terminases are defective in assembly of the
Characterization of mutant terminases prenicking complex, not in cos cleavage. These results
are analogous to the results obtained for DNA stimulation
Along with the effects of the terminase mutations on
of the low-affinity ATPase activities of the gpNu1 K35Acos cleavage and packaging, the effects of the mutations
and gpNu1 K35D enzymes. Note that the maximal cos-on terminase stability and structure were studied. It was
cleavage rates for the mutant enzymes are the same as
shown earlier that the fully stimulated low-affinity ATPase
that of the wild-type enzyme; results that argue that the
center of gpNu1 of the mutant enzymes was indistin-
mutations changing residue 35 do not cause gross alter-
guishable from that of the wild-type enzyme, indicating
ations in the structure of terminase.
that the changes in residue 35 did not cause major struc-
tural alterations (Hwang et al., 1996). Since the K35D en- Effects of changes of K35 of gpNu1 on cos cleavagezyme differed most from the wild-type enzyme in its re- in vivo
quirement for nonspecific DNA to stimulate the gpNu1
ATPase, the effect of the gpNu1 K35D change on termi- The lethality of the Nu1 K35A and Nu1 K35D mutations
indicated that the mutant terminases were defective innase structure and stability was studied. The level of
wild-type and gpNu1 K35D enzymes was examined in a step of DNA packaging in vivo. To examine cos cleav-
age in vivo, intracellular DNA from lysogens was isolatedinduced MF1427 lysogens of l-P1 or l-P1 Nu1 K35D.
Terminase levels were compared by subjecting equal 45 min after induction, cut with ClaI, subjected to gel
electrophoresis, transferred to filters, and hybridized withamounts of cell lysates to SDS–PAGE, transfering of the
proteins to a membrane, and probing with a polyclonal a 32P-labeled probe. The ClaI restriction enzyme fragment
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FIG. 2. Dependence on substrate DNA concentration of in vitro cos-cleavage activity by wild-type and gpNu1 ATP-binding site mutant terminases.
The in vitro cos-cleavage assay was performed as described under Materials and Methods using ScaI-linearized pSX1 as a substrate DNA.
containing uncut cos is 6.3 kb in length and is called the Nu1 K35R (lane 2, 62%), and l-P1 Nu1 K35A (lane 3, 32%),
whereas no cos cleavage was observed for l-P1 Nu1joint fragment. Cleavage of the joint fragment by termi-
nase generates the 2.1-kb chromosomal right-end piece K35D (lane 4, 2%). The substantial level of cos cleavage
observed for l-P1 Nu1 K35A suggests that the lethality of(R) from the cosQ end, plus a 4.2-kb chromosomal left-
end piece (L) from the cosB end of the l chromosome, the K35A change is due to a post-cos-cleavage defect.
Comparing ratios of left and right chromosomal endsrespectively (Fig. 3a). As shown in Fig. 3b, there were
substantial levels of L and R fragments produced by cos supports the conclusion that l-P1 Nu1 K35A has a post-
cleavage packaging defect. Right chromosomal ends arecleavage during infections with l-P1 (lane 1, 65%), l-P1
FIG. 3. DNA processing in vivo. (a) Rationale of in vivo cos-cleavage assays. (Top) Concatemeric l DNA. Right (cosQ) and left (cosB) ends of
successive chromosomes are indicated. cosN sites are indicated by open boxes with staggered vertical lines; cosB segments are represented by
filled rectangles. (Middle) Cleavage of an initial cos site generates one mature right and one mature left chromosomal end; packaging of the
chromosome to the right of the cleaved cosN site can then proceed. (Bottom) Restriction digestion of mature l DNA at ClaI sites (indicated by the
Cl) generates the short restriction fragments shown. The ClaI restriction sites are at l bp 46,438 and 4198. The mature chromosomal right (R, 2.1
kb; l bp 46,438 to 48,502) and left (L, 4.2 kb; l bp 1 to 4198) ends can be resolved by electrophoresis through agarose and detected by Southern
blotting. (b) Effects of Nu1 mutations on the in vivo cos cleavage. Total nucleic acids were isolated from l-infected MF1427 cells, digested with
ClaI, electrophoresed on 0.8% agarose, transferred to membrane, and then hybridized with radiolabeled pHW14. Lanes 1–4 contained DNA isolated
from induced lysogens of l-P1 (lane 1), l-P1 Nu1 K35R (lane 2), l-P1 Nu1 K35A (lane 3), and l-P1 Nu1 K35D (lane 4). The positions of the bands that
correspond to the uncut immature chromosome (J) and the mature chromosomal left (L) and right (R) ends are indicated.
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subject to nuclease attack unless protected by packag- enzyme on pSX1 DNA was the same as the activity of
the wild-type enzyme. These results confirmed that theing into capsids (Sippy and Feiss, 1992; Kuzminov et al.,
1994). Therefore, a packaging defect for l-P1 Nu1 K35A primary defect of gpNu1 K35D mutant terminase is re-
duced ability to discriminate between nonspecific DNAshould leave all right chromosomal ends generated by
cosN cleavage vulnerable to nuclease attack. The molar and cos.
ratios of left to right chromosomal ends for the experi-
Effect of changing residue 35 of gpNu1 on DNAment of Fig. 3a is 1.18 for l-P1 cos/, 1.14 for l-P1 Nu1
packaging in vivoK35R, and 1.5 for l-P1 Nu1 K35A. Thus, as predicted, the
intracellular DNA from the induced l-P1 Nu1 K35A lyso- The substantial levels of cos cleavage found in infec-
gen does show a reduction in right chromosomal ends.
tions by l-P1 Nu1 K35A indicated that the lethality of theThe failure to detect cos cleavage by l-P1 Nu1 K35D K35A change was likely due to a post-cos-cleavage de-indicates that the lethality of the K35D change is due at fect. To further test this notion, we examined DNA pack-
least in part to a cos-cleavage defect.
aging directly. Bode and Gillin (1971) showed that l DNA
packaged into heads is resistant to DNase I attack. l-
Effect of nonspecific DNA on in vitro cos cleavage P1 and l-P1 Nu1 K35R lysates contained similar amounts
of packaged DNA that survived the DNase I challenge
The in vitro and in vivo cos-cleavage results with
(Fig. 5, lanes 1 and 2). In contrast, no packaged DNA
gpNu1 K35D terminase were paradoxical, in that the was detected for lysates of l-P1 Nu1 K35A and l-P1 Nu1gpNu1 K35D enzyme showed normal cos-cleavage activ- K35D (lanes 3 and 4); the lack of packaged DNA for theseity in vitro when saturated with the pSX1 substrate,
two phages is consistent with the lethality of the K35Awhereas cos cleavage was undetectable in an infection
and K35D changes. The failure to detect packaged DNAby l-P1 Nu1 K35D. To explain these conflicting results, for l-P1 Nu1 K35D is consistent with the in vivo cos-we proposed that the inability of gpNu1 K35D enzyme cleavage defect of that mutant, whereas the failure to
to cleave cos in vivo might be due to competition by
detect packaged DNA for l-P1 Nu1 K35A indicates thatnonspecific DNA, i.e., E. coli DNA and the rest of the
the K35A change causes a post-cos-cleavage defect. Asl chromosome. To test this idea, the effect of adding
expected, examination of head-related structures in ly-
nonspecific DNA to cos-cleavage reactions was studied;
sates of l-P1 Nu1 K35A and l-P1 Nu1 K35D by electronthe competitor was E. coli MF1427 DNA with an average
microscopy showed only proheads, as expected from a
size of 40 kb. The gpNu1 K35D enzyme was 50% inhibited failure to initiate DNA packaging (data not shown).
when 1 nM E. coli DNA was added to give a ratio of 11
kb/cos, whereas we estimate, by extrapolation of the Effects of changes of residue 35 of gpNu1 on DNA
curve in Fig. 4a, that the wild-type enzyme would be 50% packaging in crude and purified in vitro systems
inhibited at about 8.3 nM E. coli DNA. Thus, E. coli DNA
was about 8-fold more efficient in blocking cos cleavage To measure packaging activity in vitro, the wild-type
and mutant terminases were used in crude and definedby gpNu1 K35D terminase than in blocking the wild-type
terminase (Fig. 4a). A repeat of the competition using systems; packaging was assayed by measuring produc-
tion of plaque-forming units (PFU) in the crude systempurified phage T7 DNA with a molecular weight of 40
kDa gave a similar result, with the gpNu1 K35D terminase and by a DNase I-resistance assay in the purified system.
In both systems, mature DNA from virions, i.e., pos-showing 15-fold greater sensitivity to inhibition than the
wild-type enzyme. These results suggest that the substi- sessing cohesive ends, was used as the packaging sub-
strate.tution of aspartic acid for lysine-35 results in a defect not
only in DNA interactions for ATPase and cos-cleavage In the crude extract system, the packaging activity of
gpNu1 K35R terminase was indistinguishable from that ofactivities but also in a reduced ability of the enzyme to
discriminate between nonspecific DNA and cos. the wild type. The maximal packaging activities of the
gpNu1 K35A and gpNu1 K35D terminases were 1/10 andTo further study the effect of nonspecific DNA on cos
cleavage, in vitro cos-cleavage assays were done with 1/200 of the wild type, respectively, at saturating DNA
concentrations, indicating that gpNu1 K35A and gpNu1cosmid DNA substrates of two sizes: pSX1 DNA (MW
3.5 kb) and pSF1 (MW 14.1 kb) over a range of DNA K35D terminases have packaging defects in addition to
the DNA-binding defects for cos cleavage (Fig. 6).concentrations. The cos-cleavage activity of wild-type en-
zyme on pSF1 DNA was indistinguishable from that of In the defined system, the wild-type enzyme packaged
l DNA about fivefold more efficiently than T7 DNA, andpSX1 DNA. In contrast, the cos-cleavage activity of
gpNu1 K35D enzyme on pSF1 DNA was reduced sixfold the gpNu1 K35D terminase packaged both l and T7 DNAs
about as efficiently as wild-type terminase packaged T7and the Km increased twofold from values with pSX1 DNA
(Fig. 4b), suggesting that nonspecific DNA, i.e., the non- DNA (Fig. 7a). These results suggest that gpNu1 K35D
terminase has a defect in the formation of a specificcos DNA of pSF1, competes with cos for gpNu1 K35D
enzyme. As before (Fig. 2), the activity of gpNu1 K35D complex for initiation of DNA packaging. The conclusion
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FIG. 4. Effect of nonspecific DNA on in vitro cos-cleavage activity by gpNu1 K35D mutant terminase. (a) Effect of E. coli DNA as a competitor on
in vitro cos-cleavage activity by wild-type and gpNu1 K35D mutant terminases. The in vitro cos-cleavage assay was performed as described under
Materials and Methods using ScaI-linearized pSX1 as a substrate DNA. The concentration of pSX1 DNA was 5 nM. The cos-cleavage activities
were normalized to the values obtained without competitor: 0.9 nM/min for gpNu1 K35D enzyme and 6 nM/min for wild-type enzyme (at 150 nM
enzyme). (b) Cleavage of linearized pSX1 and pSF1 DNAs by wild-type and gpNu1 K35D mutant terminase. The in vitro cos-cleavage assay was
performed as described under Materials and Methods using ScaI-linearized pSX1 or HindIII-linearized pSF1 as a substrate DNA. The sizes of pSX1
and pSF1 cosmids are 3.5 and 14.1 kb, respectively.
that gpNu1 K35D enzyme had lost the ability to specifically wild-type terminase (Fig. 7b). These results explain why
the gpNu1 K35D terminase has such a severe defect inrecognize l DNA suggested that nonspecific DNA, i.e.,
sonicated herring-sperm DNA, might compete strongly the crude packaging system, which contains nonspecific,
sonicated E. coli host DNA.for packaging by gpNu1 K35D terminase. This prediction
was confirmed by an experiment in which competing In conclusion, the substitution of aspartic acid for lysine-
35 resulted in a protein defective not only in DNA bindingsonicated DNA blocked packaging of T7 and l DNAs by
gpNu1 K35D terminase. As expected, the sonicated DNA for ATPase and cos-cleavage activities but also in the ability
of the enzyme to specifically recognize l DNA for the initia-also blocked packaging of T7 DNA, but not l DNA, by
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enzyme, in that the gpNu1 K35D enzyme requires 10-fold
increased levels of DNA both for saturation in the cosN-
cleavage reaction and for maximal stimulation of the low-
affinity ATPase (Hwang et al., 1996). For both the gpNu1
K35A and the gpNu1 K35D enzymes, the maximal rates of
FIG. 5. DNase I-resistant DNA in phage lysates. DNA from crude cosN cleavage are the same as the maximal rate of the
phage lysates was prepared as described under Materials and Meth-
wild-type enzyme, indicating that the endonuclease activ-ods. The lysates are of phages carrying the following Nu1 alleles: lane
ity is not altered by the changes at residue 35 of gpNu1.1, wild type; lane 2, l-P1 Nu1 K35R; lane 3, l-P1 Nu1 K35A; and lane 4,
l-P1 Nu1 K35D. Similarly, we previously found that the fully stimulated
low-affinity ATPase activities of the gpNu1 K35A and
gpNu1 K35D enzymes were indistinguishable from thetion of DNA packaging. The observation that packaging of
ATPase of the wild-type enzyme (Hwang et al., 1996),T7 DNA was equally efficient for wild-type and gpNu1 K35D
indicating that the changes at residue 35 of gpNu1 do notterminases indicates that translocation is normal in these
change the gpNu1 ATPase activity. Competition cosN-reactions, and that the defect caused by the gpNu1 K35D
cleavage studies indicate that the gpNu1 K35D enzymechange is in recognition of l DNA for packaging initiation,
has a reduced ability to discriminate between specificrather than in DNA translocation.
and nonspecific DNA. To interpret these cosN-cleavage
results, we next consider the early stages of DNA pack-DISCUSSION
aging that lead to cos cleavage.
Effects of the gpNu1 K35A and gpNu1 K35D changes The first interaction of terminase with cos is the forma-
on the cosN-cleavage reaction tion of a prenicking complex. Kinetic studies indicate the
presence of an assembly step that occurs prior to theThe cosN-cleavage results presented here indicate the
introduction of nicks, as follows. Tomka and CatalanogpNu1 K35A and gpNu1 K35D enzymes are defective in a
(1993a) found that cos-cleavage reactions had both slowstep required for cosN nicking. For the gpNu1 K35A en-
and fast rate components. At low terminase/DNA ratios,zyme, the 2-fold increase in the level of DNA required to
most of the cleavage was carried out at the slow rate.saturate the enzyme in cosN-cleavage reactions indi-
In contrast, at high terminase/DNA ratios, the fast ratecates a mild nicking defect that is overcome by increas-
predominated. These results suggest that an assemblying the level of substrate DNA. This cosN-cleavage result
step is required prior to cos cleavage, but the results doparallels the previous finding that gpNu1 K35A enzyme
not indicate which interactions are involved in assembly.requires a 2-fold increased level of nonspecific DNA for
The assembly step might involve subunit–subunit inter-maximal stimulation of the low-affinity ATPase (Hwang
actions for assembly of a terminase multimer; this sortet al., 1996). The gpNu1 K35D enzyme has defects similar
to, but more severe than, the defects of the gpNu1 K35A of assembly step could occur prior to DNA binding or
FIG. 6. Packaging of virion l DNA with wild-type and gpNu1 mutant enzymes in a crude extract system. The in vitro packaging assay was
performed as described under Materials and Methods using mature l DNA. The packaging activity was assayed by the yield of PFU.
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FIG. 7. The DNA-packaging specificies of wild-type and gpNu1 K35D terminases in a defined system. DNA packaging is defined as DNase I-
resistant DNA; the amount of DNA packaged was determined by isolating the DNase I-resistant DNA, subjecting the DNA to agarose gel electrophore-
sis, transferring DNA to a nitrocellulose filter, hybridization with 32P-labeled l DNA or T7 DNA, autoradiography, and scintillation counting. (a) In
vitro DNA packaging of l and T7 DNAs by wild-type and gpNu1 K35D terminases. (b) Effect of nonspecific DNA on in vitro DNA packaging by wild-
type and gpNu1 K35D terminases using a defined system. The concentration of l or T7 DNA added is indicated along the x axis; each packaging
reaction also contained a 10-fold excess by weight of sonicated herring-sperm DNA (average molecular weight 400 bp). The molar ratio of herring-
sperm DNA to phage DNA was approximately 1000:1.
could involve assembly on cos. Terminase–DNA interac- of terminase through binding of gpNu1 to cosB, along
with ATP-mediated adjustment of terminase conforma-tions involve binding of cosN and cosB. It has been pro-
posed that nicks are placed in the rotationally symmetric tion, are involved in the assembly of the prenicking com-
plex (Higgins et al., 1988; Cue and Feiss, 1993a; HigginscosN half-sites by symmetrically disposed gpA subunits,
suggesting that a dimeric form of gpA is present in the and Becker, 1994).
In addition to the specific binding of cosN and cosB,prenicking complex (Becker and Murialdo, 1990; Cata-
lano et al., 1995). Further, ATP and cosB are required for terminase has a nonspecific DNA-binding activity, as in-
dicated by the stimulation of the low-affinity ATPase ac-accurate and efficient nicking, indicating that anchoring
AID VY 8542 / 6a34$$$241 04-11-97 13:05:17 vira AP: Virology
228 HWANG AND FEISS
tivity by nonspecific dsDNA. The nonspecific DNA-bind- to the ratio for infected E.coli cells. Although at 8 nM
E. coli DNA the wild-type enzyme would be only mildlying activity of terminase may be due to a binding center
that is separate from the specific DNA-binding centers inhibited, the cos-cleavage activity of gpNu1 K35D en-
zyme would likely be undetectable by our methods. Thus,in gpNu1 for cosB and in gpA for cosN. Another and
simpler possibility is that the nonspecific DNA-binding if the wild-type and gpNu1 K35D enzyme behavior in vivo
parallels the in vitro behavior, then the reduced ability ofactivity of terminase is due to the affinity of one of the
specific DNA-binding centers for nonspecific DNA. the gpNu1 K35D enzyme to discriminate between cos and
nonspecific DNA is sufficient to explain the in vivo cos-The limited data presented here suggest that one or
more macromolecular interactions involved in assembly cleavage defect of the mutant enzyme.
The alteration in the interaction with DNA caused byof the prenicking complex may be weakened in the
gpNu1 K35A and gpNu1 K35D enzymes, and that the as- the Nu1 K35D change affects both specific and nonspe-
cific interactions. The change affects specific interac-sembly step can be driven to completion by increased
amounts of DNA. An assembly defect, due either to tions more severely, since the cos-cleavage and DNA-
packaging activities of the mutant enzyme are more sus-weakened protein interactions or to a DNA-binding de-
fect, might be expected to be compensated for by in- ceptable to inhibition by nonspecific DNA than those of
the wild type.creased DNA concentrations. The loss of DNA-binding
specificity of the gpNu1 K35D enzyme, observed in both
Effects of the gpNu1 K35A and gpNu1 K35D changescosN-cleavage and DNA-packaging experiments, is
on post-cos-cleavage steps of DNA packagingconsistent with models in which the changes of residue
35 affect DNA binding per se. Pursuant to this idea, the Following the introduction of nicks, separation of the
cohesive ends is carried out in a step requiring ATPquestion arises of what might be altered in the DNA
interactions of the gpNu1 K35A and K35D enzymes? The hydrolysis; following strand separation, terminase re-
mains bound to the left (cosB-containing) chromosomalchanges of residue 35 may fortuitously alter, to the same
extent, the interactions of separate nonspecific and spe- end in complex I. Complex I then binds a prohead and
DNA packaging ensues. cosB is important for the stabilitycific DNA-binding centers. More simply, the residue 35
changes may alter both the specific and the nonspecific of complex I and mutations in cosB cause a defect in a
postcleavage step of DNA packaging (Cue and Feiss,interactions of a DNA-binding center. An example of
this sort of model comes from considering the proposed 1993b).
During lytic growth, l-P1 Nu1 K35A was found to havestructure of gpNu1. In gpNu1, the helix – turn – helix and
P-loops are proposed to be adjacent, so it is possible a mildly decreased level of cosN cleavage. The mild
reduction in in vivo cos cleavage of lNu1 K35A is insuffi-that the changes at residue 35 alter the positioning of
the helix – turn – helix in a manner that weakens its inter- cient to explain the lethality of the mutation, indicating
that there is a post-cos-cleavage defect that preventsactions both with nonspecific and with specific DNA.
Because of the interactions between gpNu1 and gpA in virion assembly. The nature of the post-cos-cleavage de-
fect of l Nu1 K35A has not been studied further.holoterminase, it is also possible that the changes in
residue 35 of gpNu1 may affect the DNA-binding center In contrast, during lytic growth of l-P1 Nu1 K35D, no
cosN cleavage was detected, showing that the lethalityof gpA. Further work is required to distinguish between
these possibilities. of the Nu1 K35D mutation is due to a pre-cos-cleavage
defect. In the crude packaging system, the gpNu1 K35DRegardless of the molecular explanation for the effects
of the residue 35 changes, it is clear that l Nu1 K35D is enzyme was found to have a packaging defect that was
more severe than that of the gpNu1 K35A enzyme, a resultdefective in cos cleavage. We propose the defect is due
to an inability of the gpNu1 K35D enzyme to discriminate consistent with the more severe DNA interaction defects
found for the gpNu1 K35D enzyme in cos-cleavage andeffectively between cos and the large excess of nonspe-
cific DNA represented by the host chromosome of an ATPase studies (Hwang et al., 1996). The inability of the
gpNu1 K35D enzyme to package l DNA more efficientlyinfected cell. Calculations of the amount of dsDNA re-
quired to inhibit the gpNu1 K35D enzyme support the than T7 DNA indicates a severe difficulty in the formation
of complex I. Wild-type terminase packaged T7 DNA atproposal, as follows. For the experiment of Fig. 4a, in the
absence of competitor, the ratio of kilobases of dsDNA the same reduced efficiency found for the gpNu1 K35D
enzyme with both l and T7 DNAs, suggesting that theper cos site was 3, since the substrate DNA was 3 kb
in length. In a l-infected cell, about 50% of the intracellu- gpNu1 K35D enzyme may retain only this nonspecific ac-
tivity. This loss of DNA specificity by the gpNu1 K35Dlar DNA is l DNA, with the remainder being E. coli DNA.
The kb/cos site ratio for l DNA alone is about 50 kb/cos enzyme parallels the reduced discrimination found for
the enzyme in the cos-cleavage competition experiment.site; including the host DNA brings the ratio to about 100
kb/cos site. We estimate from Fig. 4a that the wild-type During infection by l-P1 gpNu1 K35D, the DNA-packaging
defect is of course a moot issue, since the severe defectenzyme would be approximately 50% inhibited at 8 nM
E. coli DNA, i.e., at a ratio of 70 kb/cos site, a ratio similar in cos cleavage arrests head assembly at an earlier step.
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